buffered MEM-alpha (Thermo Fisher Scientific Inc., Waltham, MA, USA) with Earles' salts, supplemented with 75 μg/ml penicillin G, 50 μg/ml streptomycin sulfate, 0.23 mM pyruvate, and 3 mg/ml bovine serum albumin, and cultures were carried out at 37 ºC in an Eppendorf New Brunswick Galaxy170R incubator (Hamburg, Germany) infused with 5% O 2 , 5% CO 2 and 90% N 2 . For IVF, ovulated oocytes with visible first polar bodies or COCs matured in vitro were inseminated with normal sperm isolated from B6SJLF1 or B6D2F1adult males. Formation of 2-cell stage embryos was scored 24 h after IVF, and 2-cell stage embryos were transferred into KSOM medium for further development. Development of 2-cell embryos to the blastocyst stage was scored 3-5 days after culture.
Histology and immunohistochemistry
For histological analysis, ovaries were fixed for 2-3 h at room temperature in Bouin's fixative, dehydrated in ethanol, cleared in xylene, and embedded in paraffin. Ovarian blocks were serially sectioned at 5-μm thickness, and stained with periodic acid-Schiff reagent and Lillie-Mayer hematoxylin. Follicles at different stages of development were counted in every third section throughout the whole ovary, and the total number of each stage follicles was calculated as described previously. To avoid repeated counting of the same follicle, only follicles containing an oocyte with visible GV were counted. The stages of follicles were categorized according to criteria described previously (4) .
For immunohistochemistry (IHC), freshly isolated ovaries were fixed in 4% paraformadehyde (PFA) prepared in PBS at 4 ºC overnight, and embedded in paraffin. Ovarian blocks were sectioned at 5-μm thickness, and processed for IHC as described previously (2) . The following primary antibodies: mTOR (7C10) Rabbit mAb (catalog no. 2983; 1:100; Cell Signaling Technology, Danvers, MA, USA), rabbit polyclonalanti-claudin 5 antibody (catalog no. ab15106;1:100; abcam, Cambridge, MA, USA), and the Alexa fluor 594-conjugated secondary antibody (Thermo Fisher Scientific, Waltham, MA) were used. Imaging was carried out using a LSM 710 confocal laser scanning microscope (Zeiss, Oberkochen, Germany).
Western blot analysis
Samples of oocytes were collected for Western blot analysis as described previously (5, 6) . For Western blot analysis of the expression of MTOR protein in normal WT oocytes at various stages of development from primordial, primary, and secondary follicles were isolated from ovaries of neonatal female mice at the age of day 3, 6, and 12, respectively, as described previously (7) ; while fully-grown oocytes (FGOs) of Graafian follicles were isolated from eCG-primed (46 h) 22-d old females (2) . For Western blot comparison of the expression of MTOR in WT-and cKO oocytes at various stages of early development, oocytes in primordial-, primary-, and secondary-stage follicles were all isolated from 12-d old neonatal female mice, given the logistical problems of getting sufficient numbers of female mice at the same age with the same genotypes at the same time.
Twelve-day old mouse ovaries were first digested with collagenase, and the granulosa cell-oocyte complexes were selected and further digested with collagenase to release the oocytes. The growing oocytes with the diameter larger than 35 µm were from secondary follicles while those with a diameter of about 25 µm were from primary follicles. They were collected with mouth-controlled pipettes. The ovarian remnants were collected by centrifugation and the supernatent aspirated. These ovarian fragments were digested with trypsin-EDTA and Dnase and dispersed into single cells, and the smallest oocytes, primordial oocytes with a diameter of about 10-15 µm were manually collected with pipettes. Oocytes were lysed in 2x Laemmli sample buffer and loaded on the same SDS-PAGE gel to compare expression of corresponding proteins between different genotypes or treatments. Expression of β-actin (ACTB) detected by anti-β-actin (ACTB) antibody (clone AC-15; mouse monoclonal; catalog no. A1978; 1:5000) served as internal control of each sample. Primary antibodies used were against mTOR (7C10) Rabbit mAb (catalog no. 2983; 1:1000; Cell Signaling Technology), phosphorylated pRPS6KB1 (p70 S6 Kinase, phosphorylated at Thr389; catalog no. 9205; 1:1000; Cell Signaling Technology), pEIF4EBP1 (p-4E-BP1, phosphorylated at Thr37 and Thr46; clone 236B4; rabbit monoclonal; catalog no. 2855;1:1000; Cell Signaling Technology), p-AKT Ser473 (clone D9E; XP ® rabbit monoclonal; catalog no. 4060; 1:1000; Cell Signaling Technology), RICTOR (rabbit polyclonal; catalog no.2140; 1:1000; Cell Signaling Technology), TRIM36 (rabbit polyclonal; catalog no. ab171732; 1:200; abcam), PRC1 (rabbit polyclonal; catalog no. 15617-1-AP; 1:1000; Proteintech).
Microinjection of oocytes with mRNA and morpholino oligomers
Plasmid DNAs carrying the construct for expressing the GFP-tagged tubulin (a gift from Dr. Qingyuan Sun at the State Key laboratory of Stem Cell and Reproductive Biology, Beijing, China), mCherry-tagged H2B (provided by Dr. Xiang Gao at the Model Animal Research Center of Nanjing University, Nanjing, China), and PRC1 proteins were linearized and transcribed in vitro using the Ambion's mMESSAGE mMACHINE kit (Applied Biosystems/Ambion, Austin, TX) as described previously (8) . Transcribed mRNAs were polyadenylated in vitro using the Poly (A) Tailing Kit (Applied Biosystems/Ambion) and purified using the RNeasy micro kit (Qiagen, Valencia, CA). Purified mRNAs were mixed at a 1:1 ration to make a final concentration of ~500 ng/µl for each mRNA. Prc1 morpholino oligomer (TAGCACCTCACTTCTCCTCATGGTG, purchased from Gene Tools, LLC, Philomath, OR, USA) was dissolved in sterile water to a final concentration of 2 mM. Approximately 10 pl of the mRNAs and morpholino oligos were microinjected into the cytoplasm of 1 GV-stage fully-grown oocyte in M2 medium containing 10% fetal bovine serum. For the expression of GFP-tagged tubulin and mCherry-tagged H2B experiments, after microinjection, oocytes were mounted on an Andor spin-disk confocal microscope (Andor Technology Ltd, Belfast, Northern Ireland) for continuous live imaging of the dynamics of oocyte spindles and chromosomes. For the Prc1-morpholino injection experiment, after injection, oocytes were cultured for 24 h in 5 μM milrinone-containing medium to maintain GV-arrest, and then the oocytes were either collected for assessing the efficiency of knockdown by WB analysis, or alternatively washed from the milrinone and cultured in maturation medium for 14 h for scoring the progress of meiosis by IF staining and confocal imaging.
The purified peptides were then divided into 20-µg aliquots, and subjected to TMT labeling using the methods as described previously (9) . After labeling, aliquots of the same sample were combined, lyophilized, resuspended in 110 μl Buffer A (10 mM ammonium acetate, pH 10), and loaded onto a XBridge TM BEH130 C18 column (2.1×150 mm, 3.5 μm; Waters) with the UltiMate® 3000 HPLC systems at a flow rate of 200 μl/min. One hundred and twenty fractions were collected with a 60 min gradient of 0%-7% buffer B (90% ACN/10 mM ammonium acetate, pH 10) for 3 min, 7%-42% buffer B for40 min, 42%-70% buffer B for 12 min, followed by 5 min at 70% buffer B, monitored at 214 nm based on the UV-light trace. These 120 fractions were pooled to generate the final 30 fractions using a nonadjacent pooling scheme. Fractions were vacuum dried for protein quantification.
For MS analyses, 30 fractions were sequentially resuspended in 0.1% FA and analyzed using a LTQ Orbitrap Velos mass spectrometer (Thermo Finnigan, San Jose, CA) coupled on-line to a Proxeon Easy-nLC 1000. Peptides were first loaded onto a trap column (75μm×2cm, Acclaim® PepMap100 C18 column, 3 μm, 100 Å; DIONEX, Sunnyvale, CA) at a flow rate of 10 μl/min, and transferred to a reverse-phase microcapillary column (75μm×25cm, Acclaim® PepMap RSLC C18 column, 2 μm, 100 Å; DIONEX, Sunnyvale, CA) at a flow rate of 300nl/min. The HPLC solvent A was 0.1% FA, and the solvent B was 100% CAN and 0.1% FA. A 205-min linear gradient (3% to 8% buffer B for 3 min, 8% to 29% buffer B for 176 min, 29% to 41% buffer B for 15 min, 41% to 90% buffer B for 1 min, 90% buffer B for 10min) was used for protein identification and quantification.
Peptide analysis was performed on a LTQ Orbitrap Velos in data-dependent acquisition mode. An MS survey scan was obtained for the m/z range 400-1800 at a resolution of 60,000, and a low-energy MS/MS scan of every precursor in a linear ion trap (collision induced dissociation, CID) followed by a higher energy MS/MS scan in the octopole collision cell (higher energy collision dissociation, HCD) was acquired from the survey scan for the eight most intense ions (as determined by X-calibur mass spectrometer software in real time) (10) . Dynamic mass exclusion windows of 60 s were used, and siloxane (m/z 445.120025) was used as a lock mass.
Raw files were searched using the MaxQuant software (version: 1.3.0.5) (11) against the mouse UniProt sequence database with the following parameters: precursor mass tolerance of ±20 parts per million (ppm); 0.5 Da product ion mass tolerance; trypsin digestion; up to two missed cleavages; carbamido methylation (+57.02146 Da) on cysteine, and TMT reagent adducts (+229.162932 Da) on lysine and peptide amino termini were set as fixed modifications; methionine oxidation (+15.99492 Da) was set as a variable modification.
False discovery rates (FDRs) of the identified peptides and proteins were estimated by searching against the database with the amino acid sequence reversed. Only peptides with at least six amino acids and an FDR of 1% were considered successfully identified. The relative protein abundance ratios between the two groups were calculated from TMT reagent reporter ion intensities from HCD spectra according to the Libra algorithm (10, 12) . Student's t-test was used to calculate the differences in abundance between WT-and Mtor-ZcKO groups. Differences with a P value less than 0.05 and the fold change greater than 1.3 were defined as significant.
RNA-Seq analysis
Transcriptomic analysis of WT-, Mtor-GcKO, and Mtor-ZcKO GV-stage fully grown oocytes (FGOs) was carried out using a protocol for single cell RNA-Seq as described previously by Tang et al (13) with slight modification. Briefly, 3 sets of samples were collected for each genotype with each sample containing 5 FGOs in less than 3 μl of lysis buffer. Reverse transcription was carried out directly on the whole cell lysate using SMARTer Ultra Low Input RNA for Illumina Sequencing-HV kits (Takara Bio Inc., Kusatsu, Japan) according to the manufacturer's instructions. The resulting first strand cDNA was purified and amplified for 17 cycles by PCR. After amplification, cDNA was purified and subjected to library construction for deep sequencing. For comparison of the transcriptomes of WT-and Mtor-GcKO ovaries, 7 WT-and 5 Mtor-GcKO ovarian samples were collected from 6-month old micee initially primed with eCG (5 IU/mouse) for 46 h. Total RNA was extracted with RNeasy Mini Kit (Qiagen, Germantown, MD, USA) according to manufacturer's instructions, and 500 ng was taken from each of them and subjected to mRNA isolation using NEB Next Poly (A) mRNA Magnetic Isolation Module (NEB, Ipswich, MA, USA). An mRNA library was constructed using NEB Next Ultra TM RNA Library Prep Kit for Illumina (NEB, Ipswich, MA) according to the instruction manual, which includes sequential RNA fragmentation, reverse transcription using random primers, second strand cDNA synthesis, end repair, dA-tailing, adapter ligation, U excision, and PCR enrichment.
Both oocyte and ovarian mRNA libraries were sequenced on an Illumina HiSeq X Ten platform with 150bp pair-end reads. All reads passed filter were trimmed to remove low-quality bases and adaptor sequences. Reads were aligned to the mm10 reference genome using tophat2 (v2.0.13), and FPKMs were calculated and normalized using cufflinks (v2.2.1). Differentially expressed genes were calculated using default parameter of cuffdiff (v2.2.1). Hierarchical clustering was carried on log2(FPKM+1) across samples. Genes used for clustering were selected by maximum FPKM≥1 and with top 10% standard deviation of log2(FPKM+1).
qRT-PCR analysis
Total RNA was extracted using RNeasy Micro Kits (Qiagen), and reversed transcribed using QuantiTect Reverse Transcription Kits (Qiagen). Steady-state levels of mRNA in oocytes and ovaries were determined by SYBR Green-based quantitative realtime PCR analysis using primer pairs shown in Table S2 . Relative changes in levels of transcripts between WT-and cKO-oocytes or ovaries were analyzed as described previously (14) with Rpl19 used as internal control.
Bioinformatics analysis
The changed proteins or transcripts identified by proteomics and RNA-Seq analysis were uploaded to Metascape (http://metascape.org), a gene annotation & analysis resource, and the terms (GO/KEGG terms or canonical pathways) associated significantly with them were calculated, respectively.
Statistics
All experiments were performed at least three times independently, and data are presented as mean ± SEM. Differences between two groups were analyzed by Student's t-test, and the significance was defined as P < 0.05. Figure 2E . CLDN5 is stained magenta, ZP2 is stained green, and DNA is stained blue. Scale bars indicate 100 μm. (B) Comparison of circulating levels of estradiol (E 2 ) and progesterone (P 4 ) between 6-month old WT and Mtor-GcKO mice. Levels of E 2 in Mtor-GcKO mice were below the detection limit of the kit. (C) Comparison of circulating levels of E 2 and P 4 between 6-month old WT and Mtor-ZcKO mice. Three mice of each genotype were used for the measurement. Bars show mean ± SEM. *P<0.05, compared to WTs by 2-tailed Student's t-test.
Fig. S7. Confocal micrographs showing the defective progression of meiosis to metaphase II by
Mtor-ZcKO oocytes in vitro. WT and Mtor-ZcKO oocytes were matured in culture for 12 and 22 h, respectively, and were collected for immunofluorescent analysis of the spindle apparatus (green) and chromosome alignment (blue). Scale bars indicate 20 μm. 
